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Abstract 

The principal morphological features of ionospheric absorption of c os mic 

radio noise at vertical inc idenc e -due to influx into the polar inosphere of s olar 

protons with particle energy near 10 MeV, and as m easured by ground-bas ed riom­

eters operated us ually at 30 !\1Hz- are reviewed with fig\ 'res and brief descriptions. 

HF signal-intensity observations in two oblique-incidenc e circuits, Thule to College 

and Pt. Barrow to Kenai (Alaska), are compared with riometer measurem ents fer 

several PCA events. In each event the s ignal in a n affected circuit rapidly de-

c r ea ed by the order of 40 dB as s oon as the riometer absorption rose by about 1 

dB. The signal decrease rem ained as high as, or even exceeded 40 dB !l O long a s 

the riometer absorption exceeded a few to several decibels, Even when the riom­

eter absorption has subsided to low values, the s ignal decrease may remain high 

bec au e of disturbed ionospheric conditions aused by geomagnetic storms. The 

obs erved large sigr.al decrease of • 40 dB is much smaller than the absorption of 

- m ore than 100 dB to be expected (on the assumption that the signal passed com­

pletely through the 0 region) in oblique-incidence circuits during intense PCA 

periods. lt is ;;uggested trat a " stand-by" propagation mode, involving a combina­

tion of scattering and ducting of HF radio v:aves near the ionospheric -bottom­

boundary, c omes into play. It is also suggested that, during disturbed ionospheric 

conditions, diminutiona in ionospheric electron density -in addition to, or in con­

junction with, increased ionospheric absorption- is an important contributing 

cause to HF radio blackouts 

ii i 
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I. INTRODUL'TION 

On Signal Decrease in HF Circuits 
During PCA Events 

It is well known that polar cap absorption (P A), as determined by increased 

absorption of high frequency (tiF) radio waves at vertical incidence in the polar 

ionosphere, is caused by an influx, following some solar flares, of greater than 

10 protons (with energies near 10 MeV) per cm 2/sec/ster, as measured with 

orbiting satellites near the earth. The solar-terrestrial relationships, and the 

atm ospheric pro esses, involved in PCA events have been reviewed a number of 

times since PCA became identified with regard to cause for the IGY period 

(Bailey, 1959; Reid, 1961; Weir, 1961; Bailey, 1964; Adams and Masley, 

1965; and Hultquist, 1968), Rocket-borne probes have been used in PCA 

investigations (Ulwick, 1972). Ground-based observations on microwave burst 

spectra of the sun have been studied as a use ful predictor of PCA or solar -proton 

events (Castelli and Aarons, 1970; Straka and Barron, 1970; and Castelli and 

0Jidice, 1972), Vertical-incidence absorption data from riometer stations (Cor­

mier, 1970) and proton-flux data from satellites (Solar-Geophysical Data, 1968 and 

later) provide continuing information on PCA events. Smart and Shea (1971) intro­

duced a 3 -digit index (relating to solar proton nux at energy levels above 10 MeV, 

daylight polar riometer absorption at 30 MHz, and sea-level neutron monitor in­

crease) for classifying the magnitude of PCA events. 

(Received for publication 2 May 1973) 
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The morphological f atures of th proton flux and \'ertical -incidence riometer 

absorption, 'ilE>sociated with PCA events. are shown in Se tion 2 with fi g ut· s an 1 

brief descriptions. 

Signal-intensity data from HF oblique-incid n e circuit:o during PCA, published 

by Egan and Peterson (1960) and by Jelly (1963), and some unpublished data (Davis, 

1969) a.re presented in S ction 3, The available data ao not provide quantitativ 

estimates on the magnitude of igr~al decrease in oblique -inciden e ircuits, becaus 

of noise and interference in the circuits , when riometers t·ecorded osmic noise 

absorption of more than few decib Is. 

From the E an-Peterson report, .it can be infert·ed that the . ig nal decrease in 

an oblique-incidence cir uit may b onl f the order of 40 dB when riometet·s 

recorded vertical-inciden e ab orption of 12 dB . Theoretical calculation would 

estimate the oblique-incidence ab orption to be of th order of 500 dB -if th propa­

gated signal actually passed through the D re~ion twice. In tead of thi • it i.s 

suggested in ection 4 that the propagated signal, after as ending to the bottom of 

the ionosphere, onceivably f How a hordal tt·ajectory along th ionosph ri1• 

bottom boundary until it descends to the receh ing site. 

2. PROTON FLUX AN!l RIOMf:TER (VERTil:AL-INCILlENC.:) i\BSOHI'TION 

Figure 1 shows the time history of the proton flux (for particle energy equal to 

and above 10 i\leV) measured in the Explorer 34 satellite (ES A, 1 68), and 

vertical-incidence absorption measured at 30 l\lllz by the riometer at Thule, during 

the PCA event in June, 1968, The square root of thr flux is approximate! propor ­

tional to the absorption, with the constant of proportionality between 1. anrl 2 . 8 

in this event. The good correlation between olar proton flux and rio~ sorp ­

tion has been studied b Kuck (1 70). 

At the time of a causative proton-event flare on the_sarl, which precedes the 

onset riometer absorption usually by one-half to many hours, estimates can be 

made on the onset time of riomete absorption, n the time and amplitude of maxi­

mum proton flux, and on the decay rate of the flu.'< -provided the flare in on the 

visible side of the solar disk. These estimates are based on solar radio emissions 

at several frequencies over a wide band, on the heliocentric angular separation 

between the flare position and the magnetic field line starting from the sun and 

intercepting the eart!l , and on solar-wind velocity (Castelli and Aarons, 1970; 

Straka and Barron, 1970; and Smart and Shea, 1969). 
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Figure 1. Riometer Absorption a t 30 MHz in Thule, 
and Proton Flux for P a rtie! Energy ~ 10 MeV in 
Orbiting Sate llite During PCA E ·rent in June 1968 
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Owren (1 969 ) has shown that by grouping data in hourly intervals (with four or 

more data points per hour), curves of maximum, avera ge, and minim um riometer 

absorption or proton flux can be forecast which best fit a few hours of real-time 

data. F igure 1 shows that piecewis e-linear extrapolatior " of the logarithmic 

values of riometer absorption or proton flux give acceptable forecasts of the ob­

served values -with four hours of lead time during some linear se~ments, and up 

to 24 -h d 1r ir g one egment. 

The fc ,, tional r educed -absor ption ratio, R, during ni ht hours - measured 

from th linear -decrease r efer e n P line in Figure 2- is shown in F igure 3 as a 

fun li on of th s olar zenith angle in Thule, where the corrected magnetic la titude 

is 86.0 d g (Hakura , 1 65), The corresponding curve (Reid, 1969) for Gre t 

Whal R iv r, at magnetic latitude = 68,2 deg, during the same event is also shown. 

Thu , the d p ndence o f R on the s olar zenith ang le varies for stations at differ nt 

magnitud latitudes . 

A. ide from the ni ht-t ime reduction in vertical-incidence, riomete r absorp­

tion, there i. also an occasional m id-day reduction in riometer absorption -which 

occurs fo r 20 per e nt of PCA eve nts, and sometimes in only some riomete r s ta­

tions (Leinba h, 1967), 

Except for the nig ht-time reducti on, and the occasional mid-day reduction, 

the riometer-measured absorption is relatively uniform within the whole polar 

region, bounded by a locus of constant corrected magnetic latitude at any instant 

of time during a PCA event, Thi s uniformity is s ubject to fluctuations of a few 

decibels , d 1.1e to aurora-induced absorption (Weir, 19 61; Leinbach, 1962; and 

Hakura, 1969 ), 
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Figure 3.    Nifjht-Time Absorption Reduction Ratio 
as Function of Solar Zenith Angle for Thule (86.0° N) 
and Great Whale River (68.2° N) During PCA Kvent 
in September 1966 

The onset and terminating times of riometer-measured absorption for ten 

PCA events are shown as function of corrected magnetic latitude in Fifjare 4.    The 

upper part of the figure pertains to eight events of the IGY period, and was scaled 

from large original graphs plotted by Leinbach (1962) from riometer records. The 

lower part of Figure 4 pertains to two events in May,  1967 (Ecklund,   1969).    The 

dates and onset times of riometer absorption for the events represented by the 

curves,  labeled 1 through 10 in Figure 4, arc listed in Table 1. 
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Table 1.    Dates and Onset Times of Riometer 
Absorption for the PCA Events in Figure 4 

Curve No. Date and Onset Time 

1 June 7,   1958.         00 UT              | 

2 August 16.   1958.  00 UT              j 

3 August 21.   1958.   13 UT              i 

4 August 21.   1958.  00 UT              ] 

5 May 11.   1959.        00 UT              j 

6 June 10.   1959,       04 UT 

7 June 14,   1959.      06 UT             | 

8 June 16,   1959,      22 UT 

9 May 24,   1967,       00 UT 

10 May 28.   1967.        06 UT 

The longest-lived event (curve No.  5) in Figure 4 lasted 11 days.   The onset- 

time diagrams do not. while the terminating-time diagrams do, show large varia- 

tions for the different events.   The curves 6, 7, and 8 represent sequentially 

overlapping events; the right-hand portions of diagrams 6 and 7 represent,  res- 

pectively the terminating time for event 6 had event 7 not intervened, and for 

event 7 had event 8 not intervened. 
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The vertical distri~utions of iono~. ph r ic D-region electron density are avail­

able, from rocket-borne or multi -frequency ground-based riometer mea urements, 

for some PCA events (Musser, 1969; Ulwick, 1972). Typical electron-density 

profiles, and nominal cr···· .ion -frequency profiles calculated from standard atmo­

spheric -density distributions, are shown in Fig re 5. These profiles provide data 

for attempted eval•Jation of signal-intensity levels, depending on modes of propaga­

tion, in oblique-incidence c ircuits during PCA events . 

E 80 -
::.::: 

50 - oJo 
'/,.~ ·' ~ 

~o'\ ~ 
~ ,~ 

~/ 
40 1 l •• ' 

101 102 

ELECTRON 

-
l 111 . I I i-J . L.) 

103 10 4 105 

DENSITY (C m - 3) 

Figure 5. He; gW. Profiles of Elec ­
tron Density and Nominal Collision 
Frequenc}' During PCA Events in 
l\1ay 1967 at Reykjavik, Iceland and 
in November 1968 at Fort Churchill, 
Canada 

3. SIGN U DECREt\Sf: >\ND LUF INCREASE IN OBLIQUE-INCIDENCE CIRCUITS 

In constrast with the solar proton nux and the vertic al-incidence riometer 

absorption, the signal-intensity decrease in oblique-incidence circuits rluring 

periods of intense riometer absorption (of much more than few dB) is not too well 

delineated. 
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During PCA events, the lowest observed {or "useable" ) frequency in oblique­

incidence ionograms increases, as expected. The observed inc rease, ~(LU I·) , is 

shown in Figure 6 for four circuits -Resolute Bay - Churchill, Resolute Bay -

Ottawa, Churchill -Ottawa, and Ott awa - Hague (Holland)- during the PCA event 

beginning in 28 Sept, 1961 (Jelly, 1963). The 30 MHz riometer absorption in 

2.0 
FLARE • CHURCHILL 

SOMe-'& RIOM[Ttft 
4ho 

5 

sc • 

' 12 U.T. 0 

OCTI --l 

Figure 6. Polar-cap Absorption Event Beginning 28 Sept, 1961, on (a) 30 MHz 
Riometer at Churchill, (b) Lowest Useable Frequency on the Resolute Bay -
Churchill Path, (c) the Resolut., Bay -Ottawa Path, (d) Churchill -Ottawa 
Path, and (e) Ottawa -Hague Path (Jelly, 1961) 

Churchill increased to 8 ~ at maximum in 30 Sept, then decreased to residual level 

in 1 October, Substantial r·eduction in riometer absorption occurred during the 

intervening nights. Radio ''blackout" (during which no frequency in the 1-G' band is 
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r ived, and whi h is incli ated bv h av h ri zontal bars in Figure 6) oc urr d in 

all four ircuits durin~ the maximum riom ter·-abs01·ption phas , and with the 

exception of the HU - 'II cir uit during nearl tht;> entit· duration r th de ·aying 

phase of riometer ab'ot·ption. The bl~ckout wa assoriated (.Jelly, 1!)63) with the 

main phase of the magneti s torn1 whi h foll wed its ' udden comm nc m nt (SCI. 

in Figure 6 ( ometime a C do s n t a ompan a main-phas magnetic stot•m). 

During a main-phas stm·m, aur ra-in lu d al · t•pti n at·iscs, and substantial 

diminutions Ut' in the F-rcg ion e ritkal ft•cqu C' n · , over laq~e at•cas. Hadio 

blackouts, and related ff t s , are u.~ ually i nterpret d as b ing Cc used mai11l.V b. 

in reused absorption of radio W.l\' "S -t the neg l t of :moth r ~· ause. As black ut 

did n t o ur during th in !''easing riomet t• -ab m·ption phase of th • t~nt in 

Figur 6 -when the t'i m t e r· ab ·orption was eonsid r·ably high t• than rlm·ing the 

d'?c-aying pha. e- it is clearly nt? sa t· invoke anothet· caus , namely the dimi-

nution in foF2 and on m i :: nt ray-patt rn ffe t ·, as on important eontt·ibuting 

fa tor in bla •k uts. 

Figur 7 (,J 11 ' • 1963) s hO\ s the obs rvul d p nd nc on ft• qucnc- of th 

in t·ca e in bhqu -in idence bsorption in the H solute 11ay - ttawa ci.r uit; the 

observ d urv was mca,.;ur d during a 3-min interval in 2. S pt wh n tlw vcrti a l-

in irlen riom t r abs rption in Chur hill was near 1 dB (s e I· igur 6). For 

omparis n a al ula'ed curve, extr·apolated (with respect to th s '{'ant '.aw for· 

path obliqui t and i nv rse frequency - squar d law t'ot· frequ 11 de pen I ''lee) fr Ill 

th :10 ;,\I Hz riom ter uata in hurchill is a!so shown in Figure 7. The agr m nt 

b tw en the obs rved and a lculated urves is satisfa to. y -in this asc of weak 

riometer abs rption. 

Figures 8 nd 9 in luc.l signal-intensity data in oblique-incld n cir uits 

during p riods f intense vert1 al-in idence riomet r absorption. 

Figure 8 (E~an and Pet rson, 1!>60) om pares riom ter absorption at 27. 6 

1\IH..: at Thule and ollcg , Alaska. with signal intensity at 12 1\lllz in the Tim! -

ollege ircuit during a sequence of four large PCA events occurring between 26 

April and 15 lay, 1960. (In 4 I\1ay an additional sharp peak oc urred in the t•iom-

t r· absorption in Thule but not in ollege; this presumably onstituted a short­

lived event localized in a , mall region near the magneti pol • ) In .a h f th four· 

large events, the signal intensity rap1dly decreased b ' approximately 40 dB (or 

more?), while the riometer absorption in reased by only about 1 dB; then the sig­

nal persisted near the minimum level for nearly th entire duration of the event, 

while th riometer absorption ro e to as high as 14 dB, and then de ayed to the 1 

dB level. 
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For the same 26 April to 15 May, 1960 period as in Figure 8, the signal 

intensity observed at 5, 13, 9. 95, 14.7 and 19.2 MHz in a 1200 krn path, namely 

11 

a geographically north-south path from Pt. Barrow to Kenai, Alaska, is shown in 

Figures 9(a), 9(b) and 9(c), The data-point dots shown were plotted from unpub­

lished numerical tabulations of hourly averaged values processed from signal­

intensity recordings measut·ed under the direction of R. Silberstein of the Institute 

of Telecommunication Sciences, Boulder, clorado (Davis, 1969), 

In Figure the receiver 10ise levels were as follows: 

Frequency 
(MHz) 

5. 13 

9. 95 

14.7 

19.2 

Minimum Receiver 
Noise Level (dB) 

-170 

-180 

-160 

-160 to -170 

The vertical bars indicate that the received signal intensity was below the upper 

end of each tar, ami was uncertain due to the presence of competing noise and 

interferen e. The magnitude of the signal sometimes became uncertain at a level 

as much as 40 dB above the minimum receiver noise. A horizontal bar underlying 

a data-point dot indicates that the recorded signal includes an extraneous contri­

bution (such :>s noi. e or from an interfering station) in addition to the carrier 

sig nal from the Pt. Barrow transmitter. 

The solid-line curve s hows the vertical-incidence absorption of cosmic noise 

measured vl th a riometer at 27.6 t\1Hz in Thule (Leinbach, 1962). 

In Figure there are time intervals, different for different freque:1cies, 

during which the signal level was very low when the riometer absorption was low. 

These intervals of low signal arE' clearly due to non-absorption causes -the 

receiver site's being within the kip zones of ionospherically transmitted rays, 

low ionization in the F2 layer, and effects of horizontal ionization gradients in 

the polar ionosphere. 

In the opposite sense. there are time intervals In Figure 9 during which thP 

signal decrease. which follows in step with rlometer-absorption increase, is 

much smaller than expected on conventional reasoning. U it is assumed that the 

received signal passed completely through the ionospheric D region (twice, 

upward and dowr.ward), and that absorption in decibels follows the inverse 

frequency-squared depenJence, then an increase of one dB in absorption as mea­

sure by riometer at vertical inciden<:e and 27.6 MHz would cause a signal de­

crease of 19 dB in the oblique -incidence path from Pt. Barrow to Kenai for the 

transmission frequency of 9. 95 MHz. This theoretical estimate gives absorption 

values for the Pt. Barrow-to-Kenai path which are too high by tens of dB to more 

than 100 dB, when the riometer registered an absorption increase larger than 2 dB. 
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The high values of calculated signal decreast'! cannot be reduced materially as 

long as one adheres to the point of view that the propagated signal passes completely 

through the D region (twice) before reaching the receiving sit~ . This is so in 

spite of the fact, frequentl, but irrelevantly cited, that the absorption coefficient 

(in dB per unit height interval in the iononphere) varies as fn, as some power of 

the frequency with n taking on values distributec..l between 0 and -2 (depending on 

the ~ -=lative values of the frequency f and the electron-neutra l colli. ion frequency, 

which varies logarithmically with altitude in the ionosphere). It turns out that for 

rather w' · - ! y different sam pies of electron -density and col lis ion -frequency profiles. 

as shown in Figure 5, the absorption coefficitnt attains maximum values at a range of 

altitudes s uch that the~·~ total absorption (obtained by intagrat.ng the absorption 

coefficient, in dBikm , over the altitude intervals oft he Dand E regions) would deviate 

only slightly from the ir.verse frequency-squared law, for frequencies down to 10 MHz. 

Some data on this L>, ~ ue are available from rocket borne measurements con­

ducted during a polar-cap-absorption event (Chidsey, 1!)72). These measure­

ments show that the integrated absorption through the D region pius part of E 

region varies in accordance with the reciprocal frequency, 1/f, raised to an 

exponential power between 1. 4 and 2. 0; this law was observed for frequencies 

down to 9 !\1Hz, the lowest frequency of the measurements reported by Chidsey . 

4. CONCLUSIONS, ANI> SUGGESTION OF HF' I>UCTING ANI> SCATTERING 
NEAR TilE IONOSPIIFRIC BOTTOM BOUNDARY DURING PCA 

T he principal mol phological fE:a~ures of ionospheric absorption of cosmic 

radio noise, as measured at vertical incidence by riometers operated frequently 

at 30 MHz, during solar-proton events are satisfactorily understood and well 

delineated -such that ground-based measurements of riometer absorption, and 

quivalently satel.ite-borne measurements of solar-proton nux near the earth, 

can be extrapolated in real time, with lead times of a few or more hours. 

The onset of riometer absorption in the polar ionosphere can often be fore­

cast by observations on the solar microwave burst spectra over a wide frequency 

band, when solar nares occ ur. 

The correlation during solar -proton events between (a) vertical-incidence 

riometer absorption and (b) signal-intensity decrease 111 HF oblique-incidence ci r­

cuits is poor. Nonetheless, when the onset of increased riometer absorption 0ccurs 

in a solar -pr<.ton event, the signal intensity in an affected oblique-incidence cL·cuit 

rapidly decreases by the order of 40 dB -as soon as the riometer absorption ris~s 

by about 1 dB. Thereafter, the s1gnal decrease remains as high as, or perhaps 

considerably exceeds, 40 dB so long as the riometer absorption exceeds a few to 

several dB. Even for periods when the riometer absorption subsides to low values, 
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the signal decrease in oblique-incidence circuits may still IJP high because of dis- 

turbed ionospheric conditions prevailing during ^ooiiia^nctic storms which often 

follow a storm's sudden commencement occurring near the time of maximum 

rlometer absorption in a PC^ event. 

Observational evidence during PC A events provide signal-decrease values 

that are extremely remote from the more than 100 dB expected on the assumption 

that the propagated signal passes completely through the ionospheric I) region. 

In view of the fact that the signal decrease in oblique-Incidence circuits has 

actually been observed, on occasions,  to be of the order of only 40 dB,  when the 

vertical-incidence rlometer absorption exceeded 5 dB,  It is suggested that a 

"stand-by" propagation mode comes into play during PCA events -when ionospheric 

absorption exacts a toll of '10 dB or more from the signal intensity In oblique- 

incidence circuits.   This stand-by mode is conceived to be a combination of ducting 

and scattering of HF radio waves near the bottom boundary of the ionospheric D 

region,  -nd requires further 'nvestlgatlons.   The "stand-by" mode presupposes 

the presence,  at the Ionospheric bottom boundary,  of sufficient Irregularities in 

the spatial distribution of electron density during the Influx of solar protons Into 

the polar Ionosphere.    Relatively slight deviations fnm a smooth particle-flux vs 

energy spectrum, near 10 MeV, may conceivably suffice to produce the required 
irregularities. 
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